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ABSTRACTABSTRACT

Several thermophysical properties of R507, a binary refrigerant mixture, and

R404A, a ternary mixture, have been determined by dynamic light scattering (DLS),

both in the liquid and in the vapor state along the saturation line approaching the vapor-

liquid critical point. Data for the thermal diffusivity a and sound velocity cs cover a

range of temperatures down to 270 K and for the surface tension σ and kinematic

viscosity ν down to 230 K. For both mixtures the behavior of all properties determined

can well be correlated by the mass weighted sum of  respective pure component data,

when all data are   represented as function of the reduced temperature

KEY WORDS:   binary mixture, dynamic light scattering; kinematic viscosity; R507;

R404A; ternary mixture, thermal diffusivity; sound velocity; surface tension.
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1.  INTRODUCTION1.  INTRODUCTION

Dynamic light scattering (DLS) is a unique diagnostic tool for the determination

of a variety of thermophysical properties of fluids using a basically identical

experimental setup [1-4]. In pure fluids, the thermal diffusivity can be found from the

linewidth of the Rayleigh component of the spectrum of scattered light which arises

from entropy fluctuations [5-7]. In binary fluid mixtures, the thermal diffusivity and the

mutual diffusivity can basically be determined simultaneously from the linewidth of the

Rayleigh line, governed by microscopic fluctuations of temperature and concentration

[8-10]. Additionally, both for pure fluids and for fluid mixtures, information about

sound veleocity and sound attenuation can be obtained from the Brillouin lines of the

spectrum, which are shifted in frequency with respect to the incident light and which are

caused by pressure fluctuations [4, 11-13]. Information about surface tension and

kinematic viscosity can be derived from light scattering at the surface waves, which are

caused by the thermal movement of molecules resulting in so-called „ripplons“ [4, 14].

For selected fluids, also the dynamic viscosity can be determined by seeding the liquid

with small spherical particles of known size [15] which sometimes is even possible

simultaneously with other properties, e.g., with the mutual diffusion coefficient in

binary liquid systems [16].

Apart from research proving the applicability of the measurement technique

itself, investigations of fluid mixtures are quite rare and have – to the best of our

knowledge - so far been restricted to binary mixtures [8-10, 17]. In the present paper,

for the first time also ternary mixtures have been studied using the DLS technique.

Measurements in the binary system R507 (R125 50% wt. / R143a 50% wt.) and in the

ternary mixture R404A (R125 44% wt. / R143a 52% wt. / R134a 4% wt.) have been
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performed in order to study the behavior of the saturated fluid mixtures when

approaching the vapor-liquid critical point. For both the liquid and the vapor phase,

thermal diffusivity and sound velocity have been measured by light scattering from the

bulk fluid, and liquid viscosity and surface tension have been determined by surface

light scattering.

Whether it is possible to determine simultaneously signals from concentration

and temperature fluctuations is mainly restricted by the relative difference of the

refraction indices of the mixture components and their concentration. However, for the

fluid mixtures studied in this work the refractive indices of the pure components have

comparable values [18-20] so that from the Rayleigh component of scattered light only

a signal from temperature fluctuations associated with thermal diffusivity could be

resolved.

2.  METHOD AND EXPERIMENTAL SETUP2.  METHOD AND EXPERIMENTAL SETUP

In contrast to conventional methods, most of which are working with

macroscopic gradients according to the desired quantities, DLS provides information on

thermophysical properties of fluids in macroscopic thermodynamic equilibrium. The

principle of the DLS techniques for the determination of these properties is given in

some detail elsewhere (see, e.g., Refs. 1-4 and 21). In these investigations light

scattering from bulk fluids provides information on thermal diffusivity and sound

velocity and light scattering from surface waves information on surface tension and

kinematic viscosity.

The optical and electro-optical parts of the experimental setup used for the

determination of sound velocity and thermal diffusivity are  shown - in a top view - in
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Fig. 1a. For performing light scattering from bulk fluids, the scattering volume, which is

determined by the intersection of the incident beam and the axis of observation (dashed

line), is located in the middle of the vessel. The principle of the scattering geometry

which allows scattering by surface waves is shown schematically - in a front view - in

Fig. 1b. In this case, the detected scattering volume is located at the interface between

the liquid and vapor phase under saturation conditions. The only modification of the set-

up in Fig. 1a for the realization of surface light scattering experiments was to mount the

pressure vessel in a vertical position.

As a light source an argon ion laser (λ0 = 488 nm) or a frequency doubled

continuous wave Nd:YVO4-laser (λ0 = 532 nm) were optionally used. The laser-power

was up to 300 mW when working far away from the critical point, and only a few mW

in the critical region. For the determination of sound velocity, a reference beam shifted

in frequency by an opto-acoustic modulator was added to the scattered light. Scattered

light was detected by two photomultiplier tubes (PMT’s), and the cross-correlation

function was calculated by a digital correlator. A more detailed description of the

experimental set-up can be found in Ref. 4.

According to the specifications of the manufacturer (Solvay) both refrigerant

mixtures had a purity of ≥ 99.5% and were used without further purification. The

uncertainty in the composition for the binary mixture R507 is certified for each

component with ± 1% wt.. For the ternary mixture R404A, the uncertainties in the

composition are ± 2% wt. for R125, ± 1% wt. for R143a, and ± 2% wt. for R134a. For

the present measurements, the samples were filled into a cylindrical pressure vessel

(volume ≈ 10 cm3) from the liquid phase to avoid decomposition in particular for the

refrigerant R404A which represents only a near-azeotropic mixture.
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The temperature of the pressure vessel, which is placed inside an insulated

housing is regulated through resistance heating and measured by calibrated 25-Ω or

100-Ω platinum resistance probes with an uncertainty of ± 0.015 K. The temperature

stability was better than ± 0.002 K during one experimental run. For each temperature

point, typically six measurements at different angles of incidence have been performed.

For temperatures below room temperature, the insulating housing was cooled down to

about 10 K below the desired temperature in the sample cell by a lab thermostat.

3.  RESULTS AND DISCUSSION3.  RESULTS AND DISCUSSION

3.1.  Binary Mixture R507

The experimental results of the thermal diffusivity and the sound velocity of

R507 are displayed in Fig. 2 and 3, respectively. The uncertainties of the measured

mixture data for the thermal diffusivity and sound velocity can be estimated to be below

± 1% and ± 0.5%, respectively. In both figures the saturated vapor data are represented

by filled symbols and the saturated liquid data by open ones. Additionally, the pure

component data of R125 and of R143a are given by dotted and dashed lines,

respectively. The pure component data for R125 have been taken from former

measurements [22], those for R143a have been measured in the course of this

investigation and are reported separately [23]. The data are shown  as a function of the

reduced temperature

CR TTT = (1)

using the critical temperature TC = 344.06 K we have found in our measurements by the

observation of the vanishing meniscus between liquid and vapor phase when
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approaching the critical point. In order to predict the mixture data on basis of the pure

component data within the range investigated we have tried several different approaches

using, e.g., a simple weighting by the mass fractions or the mole fractions of the pure

components. In all these cases, remarkable deviations appeared in the vicinity of the

critical point when drawing the data against the temperature. Using, however, the

reduced temperature as shown in Fig. 2 and 3 an excellent agreement was found

between the measured data and the predicted ones when weighting with the mass

fractions iw  as indicated in the figures by the drawn line. The agreement was not this

good when using the mole fractions. The data of the drawn line have thus been

calculated by, e.g., for the thermal diffusivity Ma  of the mixture according to

∑=
i

RiiRM )()( TawTa (2)

with the thermal diffusivities of the pure components at the reduced temperature RT  and

mass fractions iw . For the sound velocity the same procedure has been used. As can be

seen from the deviation plots in Fig. 2 and 3, the prediction is very good with deviations

smaller than 1.5% for the sound velocity mixture data (even smaller than 1% for the

liquid phase) and smaller than 4-6% for the thermal diffusivity mixture data (or even

smaller than 2% for the liquid phase up to a reduced temperature of about 0.98).

From surface light scattering surface tension and liquid kinematic viscosity have

also been measured under saturation conditions. The results of these measurements

- together with pure component data, which also have been measured in this study - are

displayed in Fig. 4 and 5 for the kinematic viscosity and the surface tension,

respectively,  again as function of the reduced temperature. For the kinematic viscosity

and surface tension besides the mixture data also the pure component data of R125 and
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R143a are represented by different symbols. The mixture results for the kinematic

viscosity and surface tension also follow quite well a mass weighted calculation scheme

according to Eq. (2) using the pure component values. For the measured viscosity a

systematical negative deviation smaller than 2% from the prediction could be found as

indicated by the drawn line in Fig. 4. The mixture data for the surface tension displayed

in Fig. 5 show the tendency of a decreasing deviation from the prediction with

decreasing distance from the critical point. These deviations from the prediction,

however, are not larger than the measurement accuracy which is better than

± 0.2 mN.m-1, being partly limited by the available density data used for data

evaluation. One must bear in mind that the quantity directly accessible in surface light

scattering experiments is the ratio of the surface tension to the sum of the densities of

the vapor and liquid phase. Thus reliable reference data for the densities under

saturation conditions are needed. For the pure components R125 and R143a these were

adopted from Refs. 24 and 25, respectively. Information about mixture densities was

obtained with technical software from the manufacturer [26]. In a similar fashion as for

the measurement of the surface tension, also the directly accessible quantity ν~  obtained

for the viscosity is determined by both the vapor and liquid properties, i.e.

ρρ
ηην

′′+′
′′+′

=~ (3)

where η′  and η′′  are the dynamic viscosities of the liquid and vapor phase,

respectively, ρ′  and ρ ′′  are the densities of the liquid and vapor phase. As appropriate

reference data for vapor viscosities are not available which in particular is true for the

mixtures, the approximation νν ′≈~  has been used, which relies on the neglect of vapor
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properties as compared with the respective liquid quantities, and thus yields an

approximate kinematic liquid viscosity ν ′ . An estimation based on reference data

indicates that for the fluids under investigation this approximation results in a deviation

from the exact viscosity value of the liquid phase of about + 2% for temperatures below

300 K. For the highest temperature studied the systematic error caused by neglecting the

influence of the vapor phase is increasing up to - 10%. However, excluding the highest

temperatures studied in this work, the total uncertainty of our liquid viscosity data can

be estimated to be better than ± 5%. For a more detailed discussion see Ref. 27.

3.2  Ternary Mixture R404A

For the ternary mixture (TC = 345.33 K) the results of the thermal diffusivity and

of the sound velocity are presented again in their dependence on the reduced

temperature in Fig. 6 and 7, respectively. Here, besides those for R125 and R143a also

the pure component data of R134a have to be taken into account in the correlation of the

mixture data from those of the components. These R134a data have partly been

measured in the frame of this research and partly been taken from former measurements

[28]. They are represented by the dotted-dashed line in the figures. Again the measured

mixture data can best be correlated by the mass weighted sum of the pure component

properties, as given by Eq. (2), which is represented by the drawn line in the figures.

From the deviation plots in Fig. 6 and 7 one can realize that the deviation is again

smaller than 1% for the sound velocity and smaller than 5% for the thermal diffusivity

for a reduced temperature up to 0.99.

In Fig. 8 and 9 the measured data of the liquid kinematic viscosity and of the

surface tension, respectively, of R 404A are displayed. All different data sets of the
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three pure components and of the mixture are represented by different symbols. For the

evaluation of the surface tension of the additional component R134a, density values for

the vapor and liquid phase were adopted form the equation of state of Tillner-Roth and

Baehr [29]. The mixture densities are again calculated with the technical software from

the manufacturer [26]. The predictions given by Eq. (2) for both quantities of the

mixture are again indicated by the drawn lines in the figures. As can be seen form the

deviation plot of Fig. 8, the proposed correlation of the mixture viscosities from the

pure component data is in quite good agreement with the measured data for the entire

temperature range studied in this work. For the surface tension of the ternary fluid

mixture R404A the same statements regarding the mixture rule are valid as stated for

the binary mixture.

4.  CONCLUSION4.  CONCLUSION

We have shown for the first time that the DLS technique can also be applied

successfully to the investigation of ternary fluid mixtures. Several thermophysical

properties have been measured for the ternary mixture R404A and also for the binary

mixture R507 which contains two components of the ternary mixture R404A. The

experimental results suggest that the mixture data can best be represented by a mass

weighted sum of the pure component data expressed as functions of the reduced

temperature. This approach may also be useful for the prediction of properties of other

refrigerant mixtures.
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FIGURE CAPTIONSFIGURE CAPTIONS

Fig. 1 Experimental setup: a) Optical and electronic arrangement b) Scattering

 geometry: light scattering by surface waves.

Fig. 2 Thermal diffusivity of the liquid ( ) and vapor phase ( ) under saturation

 conditions of the binary fluid mixture R507 as a function of the reduced

 temperature in comparison to a prediction ( ) based on the quantities for the 

pure components R125 ( ) and R143a ( ).

Fig. 3 Sound velocity of the liquid ( ) and vapor phase ( ) under saturation

 conditions of the binary fluid mixture R507 as a function of the reduced

 temperature in comparison to a prediction ( ) based on the quantities for the 

pure components R125 ( ) and R143a ( ).

Fig. 4 Kinematic viscosity of the liquid phase under saturation conditions of the binary

 fluid mixture R507 ( ) as a function of the reduced temperature in comparison

 to a prediction ( ) based on the quantities for the pure components R125

 ( ) and R143a ( ).

Fig. 5 Surface tension of the binary fluid mixture R507 ( ) as a function of the

 reduced temperature in comparison to a prediction ( ) based on the

 quantities for the pure components R125 ( ) and R143a ( ).
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Fig. 6 Thermal diffusivity of the liquid ( ) and vapor phase ( ) under saturation

 conditions of the ternary fluid mixture R404A as a function of the reduced

 temperature in comparison to a prediction ( ) based on the quantities for the

 pure components R125 ( ), R143a ( ), and R134a ( ).

Fig. 7 Sound velocity of the liquid ( ) and vapor phase ( ) under saturation

 conditions of the ternary fluid mixture R404A as a function of the reduced

 temperature in comparison to a prediction ( ) based on the quantities for the 

pure components R125 ( ), R143a ( ), and R134a ( ).

Fig. 8 Kinematic viscosity of the liquid phase under saturation conditions of the ternary

fluid mixture R404A ( ) as a function of the reduced temperature in

 comparison to a prediction ( ) based on the quantities for the pure

 components R125 ( ), R143a ( ), and R134a ( ).

Fig. 9 Surface tension of the ternary fluid mixture R404A ( ) as a function of the

 reduced temperature in comparison to a prediction ( ) based on the

 quantities for the pure components R125 ( ), R143a ( ), and

 R134a ( ).
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a)        b)

Fröba, Will, and Leipertz, Fig. 1
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Fröba, Will, and Leipertz, Fig. 2
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Fröba, Will, and Leipertz, Fig. 3
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Fröba, Will, and Leipertz, Fig. 4
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Fröba, Will, and Leipertz, Fig. 5
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Fröba, Will, and Leipertz, Fig. 6
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Fröba, Will, and Leipertz, Fig. 7
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Fröba, Will, and Leipertz, Fig. 8



23

Fröba, Will, and Leipertz, Fig. 9


